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Phytomonas sp. are flagellated trypanosomatid plant parasites that cause diseases of economic importance in plantations of coffee, oil
palm, cassava and coconuts. Here we investigated Ca2 + uptake by the vanadate-insensitive compartments using permeabilized Phytomonas
serpens promastigotes. This uptake occurs at a rate of 1.13F 0.23 nmol Ca2 + mg protein 1 min 1. It is completely abolished by the H+
ionophore FCCP and by valinomycin and nigericin. It is also inhibited by 2 AM ruthenium red, which, at this low concentration, is known
to inhibit the mitochondrial calcium uniport. Furthermore, salicylhydroxamic acid (SHAM) and propylgallate, specific inhibitors of
thealternative oxidase in plant and parasite mitochondria, are also effective as inhibitors of the Ca2 + transport. These compounds abolish
the membrane potential that is monitored with safranine O. Rotenone, an inhibitor of NADH-CoQ oxidoreductase, can also dissipate 100%
of the membrane potential. It is suggested that the mitochondria of P. serpens can be energized via oxidation of NADH in a pathway
involving the NADH-CoQ oxidoreductase and the alternative oxidase to regenerate the ubiquinone. The electrochemical H+ gradient can
be used to promote Ca2 + uptake by the mitochondria.
D 2004 Elsevier B.V. All rights reserved.Keywords: Rotenone; Mitochondrial potential; Phytomonas serpens
1. Introduction According to the literature, the species belonging to theThe flagellated trypanosomatids of the genus Phytomo-
nas are parasites of plants. In some cases they parasitize
without apparent pathogenicity but they can also cause
diseases of economic significance in plantations of coconut,
oil palm, cassava and coffee [1,2]. These trypanosomatids
have also been detected in various edible fruits such as
pomegranates, peaches, guavas and tangerines, and in their
insect vectors [2]. The parasites live mostly in the xylem,
phloem, fruits and/or seeds of the infected plants [3–6] and
are thought to be transmitted through the bite of phytoph-
agous insects [1–3]. In the biological cycle of these patho-
gens, several plant-sucking insects act as intermediate hosts
and the plant acts as the main host [3,7]. These parasites
have ultrastructural features typical of the family Trypano-
somatidae. They contain a kinetoplast, glycosome and a
single tubular mitochondrion (with few cristae) [2,8–10].0005-2728/$ - see front matter D 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.bbabio.2004.02.003
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E-mail address: barrabin@bioqmed.ufrj.br (H. Barrabin).genus Phytomonas depends completely on glycolysis for
energy metabolism [11,12], and therefore excretes fermen-
tative metabolites: ethanol, acetate, glycine, glycerol, succi-
nate and pyruvate [4]. Most of the glycolytic pathway is
confined to the glycosome. The role of the mitochondrial
SHAM-sensitive oxidase is to perform a terminal oxidation
step in a pathway serving to re-oxidize NADH produced
during glycolysis [11,12]. Mitochondria from Phytomonas
have neither cytochromes nor most of the Krebs cycle
[11,12]. However, Maslov et al. [13] have shown the
expression of complex V and possibly complex I in Phyto-
monas serpens, suggesting a more complex participation of
mitochondria in the bioenergetics of this cell.
It is well established that calcium ions play a crucial role
in controlling a large number of cellular functions, convey-
ing signals received at the cell surface to the intracellular
milieu. The cytosolic free Ca2 + concentration is maintained
in cells from different organisms at a very low level (10 7
M) compared to the concentration in the extracellular fluid
(about 10 3 M). This gradient is sustained by the active
pumping of the ion by specific Ca2 +-ATPases present in the
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ratus [14,15]. Besides these ATP-driven systems, a Ca2 +
uniport and a Ca2 +/Na+ exchanger, present in the mitochon-
drial membranes of most cells, have been proposed to
participate in the control of Ca2 +-mediated intracellular
signaling. In order to exert such functions, the Ca2 +
distribution across the plasma membrane and membranes
of other organelles must be regulated precisely and present
the capacity for fast fluctuations [14].
For several trypanosomatids such as Trypanosoma cruzi,
Trypanosoma brucei, Leishmania spp. and Herpetomonas
sp., it has been shown that mitochondria, endoplasmic
reticulum and acidic vacuoles (called acidocalcisomes)
participate in Ca2 + homeostasis [15–30]. To date, nothing
is known about Ca2 + homeostasis in P. serpens. The study
of the mechanisms by which a plant parasite regulates
intracellular Ca2 + distribution to maintain cell viability
could provide new insights into the physiology of these
parasites and, in addition, could be useful for the design of
new antiparasitic drugs.2. Materials and methods
2.1. Culture method
P. serpens (CT.IOC 189) were grown at 24 jC in a
medium containing 20 g/l sucrose, 20 g/l KCl, 3 g/l peptone
and 1 mg/l folic acid, supplemented with 10 mg/l haemin
and 10% (v/v) fetal bovine serum. Two days after inocula-
tion, cells were harvested by centrifugation, washed twice
with 5 mM phosphate buffer pH 7.0 containing 150 mM
KCl (PBS) and resuspended in the same solution. ProteinFig. 1. Sensitivity of Ca2 + uptake to ruthenium red, vanadate, propylgallate and
containing 125 mM sucrose, 65 mM KCl, 40 mM HEPES–KOH pH 7.2, 1 mM
arsenazo III at room temperature. Digitonin (DIG, 40 AM), A23187 (20 AM) and E
2 AM ruthenium red (RR) or 1 mM vanadate (VAN) was added to the medium befo
shown (TOTAL). (B) Before starting the uptake reaction by permeabilization (DIconcentration was determined by the biuret assay [31] in the
presence of 0.2% deoxycholate.
2.2. Chemicals
Sodium orthovanadate, antimycin A, oligomycin, car-
bonylcyanide p-trifluoromethoxyphenylhydrazone (FCCP),
nigericin, ATP, GTP, succinate, arsenazo III, safranine O,
digitonin, and Ca2 + ionophore (A23187) were purchased
from Sigma Chemical Co. Mitofluor Green was from
Molecular Probes. All other reagents were analytical grade.
2.3. Ca2+ movements
Variations of free Ca2 + concentration were followed by
measuring the changes in the absorbance spectrum of
arsenazo III [32] using a CINTRA 20 spectrophotometer
at the wavelength pair 675–685 nm, at room temperature
(25–28 jC). No free radical formation from arsenazo III
occurred under the conditions used [33,34]. Each experi-
ment was repeated at least three times with different cell
preparations. The figures shown are from representative
experiments.
2.4. Mitochondrial membrane potential
The mitochondrial membrane potential in situ was mon-
itored by measuring changes in the absorbance spectrum of
the indicator dye safranine O [35] at the wavelength pair
533–511 nm. P. serpens were incubated at room tempera-
ture (25–28 jC) in the media described in the figure
legends. The experiments were repeated at least four times
and the figures shown are from representative experiments.SHAM. Cells (2 mg protein ml 1) were added to the reaction medium
Pi–Tris, 2 mM MgCl2, 1.6 Ag ml 1 oligomycin, 0.5 mM ATP and 40 AM
GTA (1 mM) were added when indicated. (A) 1 mM propylgallate (PGAL),
re solubilization (DIG). The Ca2 + uptake in the absence of inhibitors is also
G), 0, 0.2, 0.5, 1 or 2 mM SHAM was added as indicated in each curve.
a et Biophysica Acta 1656 (2004) 96–1032.5. Oxygen consumption
Oxygen consumption was measured with a Clark type
electrode from Rank Brothers Ltd., England, under contin-
uous stirring and at 25 jC.
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mitochondrial membrane potential. The cells (2 mg protein ml 1) were3. Results
Digitonin-permeabilized P. serpens take up Ca2 + from
the medium at a rate of 1.13F 0.23 nmol Ca2 + mg
protein 1 min 1 (meanF S.D. of seven different prepara-
tions). This uptake is insensitive to 1 mM vanadate (Fig. 1)
and to 2 Ag ml 1 antimycin or 2 mM KCN (not shown).
The insensitivity to vanadate indicates that if there is a P-
type ATPase present in an intracellular compartment such as
the endoplasmic reticulum, it does not drive substantial
Ca2 + uptake under the conditions of the experiment. On
the other hand, the negative results with antimycin and KCN
agree with previous studies which showed the absence of
cytochromes in P. serpens [11,12]. Nevertheless, most of
this Ca2 + uptake is inhibited by 2 AM ruthenium red
(inhibitor of the Ca2 +-uniporter in mitochondria) (Fig. 1A)
and by 1 mM SHAM or 1 mM propylgalate (Fig. 1A and
B), both inhibitors of the mitochondrial alternative oxidase
in P. serpens [11]. It can be observed in Fig. 1B that the
presence of 0.2 mM SHAM leads to a considerable reduc-
tion of Ca2 + uptake, which reinforces the notion that the
loss of the uptake is due to the inhibition of the alternative
oxidase since, in our conditions, the Ki for inhibition by
SHAM of O2 consumption through the alternative oxidase is
0.17 mM (not shown).Fig. 2. Inhibition of Ca2 + uptake by nigericin and valinomycin. P. serpens
(2 mg protein ml 1) were added to the reaction medium described in Fig. 1.
Digitonin (DIG, 40 AM), A23187 (20 AM) and EGTA (1 mM) were added
when indicated. Before solubilization, 1 AM nigericin (NIG) or 10 AM
valinomycin (VAL) was added to the media. The Ca2 + uptake in the
absence of inhibitors is also shown (TOTAL).
added to a medium containing 125 mM sucrose, 65 mM KCl, 40 mM
HEPES-KOH pH 7.2, 1 mM Pi–Tris, 2 mM MgCl2, 200 AM EGTA–Tris,
1.6 Ag ml 1 oligomycin and 10 AM safranine. At zero time, digitonin (DIG
40 Ag ml 1) was added and, after safranine equilibration, 10 AM
valinomycin (VAL), 1 AM nigericin (NIG) or 2 mM SHAM (SHAM)
was added. When indicated by the arrows, 1 AM FCCP was added.These results appear to implicate the mitochondria as the
major organelle that sequesters Ca2 +. In addition, the K+-
ionophore valinomycin, nigericin (a K+/H+ exchanger) (Fig.
2) and FCCP (not shown) abolish the Ca2 + transport,
suggesting that most of the uptake needs the presence of
an electrochemical gradient of protons.
In Figs. 1 and 2 it can be observed that even in the
presence of inhibitors some residual Ca2 + uptake (0.10F
0.04 nmol Ca2 + mg protein 1 min 1) remains. This residual
uptake is insensitive to vanadate, ruthenium red (Fig. 1A),
H+-ionophores (Fig. 2) or even to an excess of SHAM (Fig.
1B). It is not clear at the moment what is the mechanism of
this residual transport.
The presence of a mitochondrial membrane potential in
P. serpens has not been shown before. Fig. 3A demostrates
an increase in absorbance of safranin O after cell perme-
abilization, denoting the existence of a membrane potential,
inside negative, which is abolished by the addition of FCCP,
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strate was added in this experiment, suggesting that the
endogenous substrates are enough for sustaining the poten-
tial for at least 20 min after permeabilization. In this and in
the following experiments, oligomycin was included in the
medium to avoid any potential generated by reversal of the
F1FoATPase.
As observed for Ca2 + transport, the membrane potential
is also fully abolished by SHAM (Fig. 3B), which is a direct
indication of the involvement of the alternative oxidase in
the mechanism of generation of the membrane potential.
Since P. serpens has no cytochromes, it is of interest to
investigate the mechanism that creates the membrane po-
tential in this parasite. When 10 AM rotenone, an inhibitor
of complex I, is added, there is a decrease in the potential by
70–80%; 20 AM leads to a complete collapse (Fig. 4). This
result suggests the presence of an active NADH dehydro-
genase able to pump protons out of the mitochondria.
In favor of this proposal, we found that the oxygen
consumption in permeabilized cells is also sensitive to
rotenone (Fig. 5, trace a). The consumption is decreased
by 78% (from 5.4 to 1.2 nmol O2 mg
 1 min 1) by the
addition of 20 AM rotenone. The rotenone-insensitive O2
consumption is almost completely inhibited by SHAMFig. 4. Effect of rotenone on the mitochondrial membrane potential. P.
serpens (2 mg protein ml 1) were added to a medium containing 125 mM
sucrose, 40 mM MOPS–Tris pH 7.0, 2 mM MgCl2, 100 AM EGTA, 1.6 Ag
ml 1 oligomycin and 10 AM safranin O. Cells were permeabilized at zero
time with digitonin (40 AM). Where indicated, rotenone (ROT, 10 AM), or
FCCP (5 AM) was added. Inset: Determination of the membrane potential
of P. serpens mitochondria. Previously permeabilized cells (2 mg protein
ml 1) were added to a potassium-free medium containing 125 mM sucrose,
65 mM NaCl, 40 mM HEPES-NaOH pH 7.2, 1 mM Pi–Tris, 2 mMMgCl2,
200 AM EGTA–Tris, 16 ng ml 1 oligomycin and 10 AM safranine. After
5-min equilibration, 25 AM valinomycin (VAL) was added. Titration of
membrane potential was obtained by the sequential addition of KCl to give
the final concentrations of 1.1, 2.1, 3.1, 5.1, 7.1 and 12.1 mM, respectively.
The values of potential after each KCl addition were determined using the
Nernst equation assuming that KCl in the matrix of the mitochondria was
120 mM (see Results). FCCP was added where indicated.
Fig. 5. Oxygen consumption by P. serpens. Permeabilized cells (2 mg
protein ml 1) were suspended in a medium containing 125 mM sucrose, 40
mM MOPS–Tris pH 7.0, 2 mM MgCl2, 100 AM EGTA and 1.6 Ag ml 1
oligomycin (except curve c). Oxygen consumption at 25 jC was monitored
with a Clark electrode. Rotenone (ROT, 5 or 10 AM), SHAM (2 mM),
CaCl2 (200 AM), EGTA (0.5 mM), pyruvate (PYR, 3 mM), oligomicyn
(trace c, OLIG, 1.6 Ag ml 1) and FCCP (5 AM) were added when
indicated. Numbers in parentheses are the rate of oxygen consumption in
nmols min 1 mg protein 1.and may represent the oxidation of endogenous glycerol
3-phosphate.
The rate of O2 consumption during oxidation of endog-
enous substrates does not increase further on addition of 3
mM glycerol, glutamine, glutamate, proline (not shown) or
pyruvate (Fig. 5, trace c). It is not clear whether this lack of
effect is due to saturation of the oxidative capacity with the
endogenous substrates or low efficiency as substrates. The
observed O2 consumption rate is unaffected by oligomycin.
This suggests that in the presence of plentiful metabolic
substrates, as in our experiments, most of the O2 consump-
tion is not linked to ATP synthesis by the F1Fo-ATPase.
To estimate the value of the membrane potential with
safranin O, we clamped the potential of a suspension of
permeable cells at different values by addition of K+ to the
external medium in the presence of valinomycin [18]. The
values of such diffusion potentials can be calculated from
the Nernst equation provided that the internal K+ concen-
tration of the mitochondria is known. In our case, it is
difficult to measure the internal K+ concentration since our
preparation contains several other organelles. According to
Fig. 7. Ca2 + release from mitochondria. P. serpens (2 mg protein ml 1)
were washed in a Na-free PBS and added to the reaction medium described
in Fig. 1. Digitonin (DIG, 40 AM), ruthenium red (RR, 2 AM), NaCl (50
mM), A23187 (20 AM) and EGTA (1 mM) were added when indicated.
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mitochondrial K+ concentration is in the range of 100–
120 mM as long as the mitochondria remain energized.
Depending on the membrane potential, in isolated liver
mitochondria a ratio between internal and external K+
concentration of around 900–1600 mM was observed
[37]. Considering that the mitochondria in P. serpens are
energized, we can assume an internal K+ concentration of
about 120 mM. This gives us a value of 150F 5 mV (mean
of three experiments) for the mitochondrial membrane
potential (Fig. 4, inset). By this method an error in the
estimate of internal potassium would cause only a small
error in the estimated membrane potential.
In order to ascertain whether the Ca2 + uptake and the
membrane potential are coupled, we added Ca2 + to per-
meabilized cells in the presence of safranin O (Fig. 6). A
complete collapse of the potential can be observed just after
Ca2 + addition. The effect is reversed by addition of excess
EGTA (Fig. 6). Likewise, addition of Ca2 + to the media
increases the oxygen consumption (Fig. 5, trace b). This
effect is also reversed by EGTA.
These results indicate that indeed the transport of Ca2 +
observed in the preceding experiments represents the elec-
trophoretic movement of Ca2 + down of an electrical poten-
tial gradient that is maintained by oxidation of respiratory
substrates.
Besides the utilization of NADH as a substrate (complex
I) shown in this paper, it is also known that glycerol 3-
phosphate is oxidized by a FAD-linked dehydrogenase that
donates electrons to the ubiquinone/ubiquinol pool [11]. The
reduced ubiquinol subsequently functions as electron donor
for the SHAM-sensitive alternative oxidase. This process,
however, does not promote any H+ transport through the
membrane and so does not contribute to create the mem-
brane potential.Fig. 6. Effect of Ca2 + on the mitochondrial membrane potential. P. serpens
(2 mg protein ml 1) were added to the reaction medium as described in Fig.
3 except that the EGTA concentration was 100 AM. CaCl2 (200 AM) was
added 10 min after permeabilization with digitonin (DIG, 40 AM). Then,
when indicated, EGTA (200 AM) and FCCP (5 AM) were added.To study the release of Ca2 + from mitochondria, the
Ca2 + uptake was allowed to progress up to a steady state
and then ruthenium red was added in order to stop the
Ca2 + entry via the uniport (Fig. 7). The drug induced a
slow release of Ca2 +, most probably through the Ca2 +/H+
exchanger. Na+ did not lead to further Ca2 + release,
suggesting that the mitochondria of P. serpens, like those
of Herpetomonas sp. [16], does not have a Ca2 +/Na+
exchanger.4. Discussion
The data presented here show that the mitochondria of P.
serpens are able to sustain an energized state characterized
by the existence of a membrane potential estimated at
f 150 mV, inside negative, and can concentrate Ca2 + in
favor of an electrochemical gradient.
As in other trypanosomatids and in mammalian cells,
Ca2 + transport in P. serpens is driven by an electrophoretic
mechanism, assisted by a ruthenium red-sensitive uniport.
The release of Ca2 + from mitochondria does not involve
either the uniport or a Na+/Ca2 + exchanger, but most
probably a Ca2 +/H+ exchanger.
Our results indicate that the membrane potential is a
consequence of the H+ transport across the mitochondrial
membrane driven by a rotenone-sensitive dehydrogenase.
The electrons from this reaction should be donated to CoQ
to form ubiquinol and then a second reaction, catalyzed by
the alternative oxidase, should re-form the CoQ, donating
the electrons to O2. This organization makes all H
+ transport
sensitive to inhibitors of the alternative oxidase such as
SHAM and propylgallate. The oxidation of glycerol-3-
phosphate by the D-glycerol-3-phosphate dehydrogenase
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H+. In T. brucei, Leishmania and Phytomonas, this last
pathway was proposed to be essential for regeneration of
the NAD+ through a dihydroxyacetone phosphate-glycerol-
3-phosphate shunt [11,12,38,39]. It is thought to be nec-
essary for the redox balance of glycolysis in the glyco-
somes, although it would not be involved in energizing the
mitochondria.
The results shown here are consistent with the presence
in the genome of P. serpens of the genes for subunits of
NADH dehydrogenase and components of the translation
machinery [13]. The same authors also showed the presence
of the genes for the subunits of the mitochondrial ATPase
and the expression of several subunits of this protein. The
lack of oligomycin effect described here suggests that in our
conditions this enzyme does not produce ATP. However, it
is not ruled out that, under particular metabolic circum-
stances, the electrochemical H+-gradient may be used for
ATP synthesis. This suggestion is contrary to the idea that
ATP synthesis is being handled primarily by the glycolytic
pathway within the glycosome in parasitic protozoa that
contain partially functional mitochondria, lacking cyto-
chromes and most of the Krebs cycle enzymes. The syn-
thesis of ATP by this kind of mitochondria in parasites has
already been suggested by Bienen et al. [40] in transitional
(short stumpy) bloodstream forms of T. brucei brucei where
bongkrekic acid decreases the intracellular ATP level when
the parasites have 2-oxoglutarate as the only source of
energy. In this parasite form it was also shown that a
mitochondrial membrane potential exists and is inhibited
by rotenone or SHAM but not by antimycin or cyanide [40].
These results, however, are controversial, since Nolan and
Voorheis [41] reported that the mitochondrial membrane
potential of bloodstream forms of T. brucei is insensitive to
SHAM but selectively abolished by oligomycin, suggesting
that the potential is maintained exclusively by the F1F0AT-
Pase at the expense of ATP. The reason for this discrepancy
is not clear. Nevertheless, in the case of the experiments
described here, the membrane potential was always ob-
served in the presence of oligomycin and was SHAM-
sensitive, indicating that it originated from a metabolic
pathway involving the alternative oxidase and some dehy-
drogenases. So far we have not identified the endogenous
substrate that is oxidized in our conditions. Addition of 5
mM malate seems to extend the period of stable membrane
potential in the permeabilized P. serpens (not shown),
suggesting that malate may be a candidate. Two isoforms
of malate dehydrogenase have been identified in Phytomo-
nas sp., one glycosomal and one mitochondrial, both of
which are believed to be part of a system for transferring
reducing equivalents from glycosome to the mitochondrion
[38,42–44]. However, two isoforms of isocitrate dehydro-
genase, malic enzyme and mitochondrial isopropanol dehy-
drogenase, have also been recognized in this genus [4,45],
leaving the identity of the more effective substrate an open
question.The existence of complex I in different parasites has been
debated in the literature, [46–48]. The principal reason for
the debate resides in the necessity for using a high rotenone
concentration (over 80 AM) to get inhibition of NADH-cyt c
oxidation. The concentration used here to collapse the
membrane potential is close to that used in mammals for
maximal efficacy, so we believe that the effect we observe is
indicative of the presence of complex I.
We did not detect acidocalcisomes under our conditions.
However, P. serpens most likely have this organelle, since
they exhibit electron-dense organelles of about 200 nm in
diameter in their cytoplasm, with the chemical composition
of acidocalcisomes (W. De Souza and K. Miranda, personal
communication). We assume that the treatment with digito-
nin permeabilizes the membrane of acidocalcisomes, mask-
ing their presence. This effect of digitonin has already been
observed in T. cruzi after growth in different culture media
[49].
At the moment, the role of mitochondria in the homeo-
stasis of Ca2 + is not clear for any trypanosomatid [15].
Considering the lack of a complete Krebs cycle, it seems
unlikely that Ca2 + participates in the regulation of oxidative
metabolism via activation of dehydrogenases as proposed
for mammalian cells. Besides, no Ca2 +-regulated dehydro-
genases have been reported in parasitic protozoa [15]. For
many years mitochondrial Ca2 + uptake was regarded mainly
as safety device in situations of temporary imtracellular
Ca2 + overload. Instead, Ca2 + seems to regulate a mecha-
nism that is responsible for outer mitochondrial membrane
permeabilization and the release of apoptotic mitochondrial
proteins, which is coupled to a stress response know as the
inner membrane permeability transition. No evidence of
such mechanism has been reported in Phytomonas. Never-
theless, the existence of a Ca2 + transport in this organelle
suggests that it must be important for the physiology of the
parasite and that it may participate, together with acid-
ocalcisomes, in the control of the Ca2 + signals that regulate
some of the cellular processes.Acknowledgements
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